Abstract Lipids are a major component of heart tissue and perform several important functions such as energy storage, signaling, and as building blocks of biological membranes. The heart lipidome is quite diverse consisting of glycerophospholipids such as phosphatidylcholines (PCs), phosphatidylethanolamines (PEs), phosphatidylinositols (PIs), phosphatidylglycerols (PGs), cardiolipins (CLs), and glycerolipids, mainly triacylglycerols (TAGs). In this study, mass spectrometry imaging (MSI) enabled by matrix implantation of ionized silver nanoparticles (AgNP) was used to map several classes of lipids in heart tissue. The use of AgNP matrix implantation was motivated by our previous work showing that implantation doses of only 10 14 /cm 2 of 2 nm gold nanoparticulates into the first 10 nm of the near surface of the tissue enabled detection of most brain lipids (including neutral lipid species such as cerebrosides) more efficiently than traditional organic MALDI matrices. Herein, a similar implantation of 500 eV AgNP − across the entire heart tissue section results in a quick, reproducible, solvent-free, uniform matrix concentration of 6 nm AgNP residing near the tissue surface. MALDI-MSI analysis of either positive or negative ions produce high-quality images of several heart lipid species. In negative ion mode, 24 lipid species [16 PEs, 4 PIs, 1 PG, 1 CL, 2 sphingomyelins (SMs)] were imaged. Positive ion images were also obtained from 29 lipid species (10 PCs, 5 PEs, 5 SMs, 9 TAGs) with the TAG species being heavily concentrated in vascular regions of the heart.
Introduction
Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) is used for mass spectrometry imaging (MSI); it is a valuable technique that allows direct tracking and mapping of biomolecules in tissue sections [1] [2] [3] . Although initially MALDI-MSI focused primarily on proteins and peptides, in the mid-2000s the Woods' group started mapping and imaging lipids directly from tissue [4] [5] [6] , and their work was followed by many excellent publications on lipids from several other labs [7] [8] [9] . In imaging, matrix is coated onto tissue sections, and by rastering, mass spectra are acquired across the whole section. The data are then used to generate 2-D ion intensity maps (images) for a specific m/z range (mass peak), in which pixel intensity is a function of ion signal strength in the specified m /z range. The addition of matrix is the key step in MALDI imaging experiments. Deposition of a homogenous layer of matrix across the whole tissue section is required in order to ensure that the generated images reflect the actual distribution of the biomolecules in situ. The most common methods for coating tissue sections are "wet" techniques in which the matrix is sprayed onto the sections (capillary electrospray emitters [10] , TLC sprayer [11] , airbrush sprayer [12] , oscillating capillary nebulizer [13] ) or spotted automatically [14] [15] [16] onto the sections. Depending on the solvents used in the matrix solution, great care has to be taken not to wet the tissue section too much which can lead to analyte extraction and migration across the section, thus invalidating the images acquired. In order to minimize this problem, several "dry" techniques for matrix coating have been developed. These include sublimation of the matrix [17] , deposition of dry matrix particles [11] , and the impaction of metal clusters [18, 19] . All have been used successfully for direct lipid analysis from tissue.
The vast majority of MALDI imaging studies use traditional solid (crystalline) matrices. For lipid imaging studies, 2,5-dihydroxybenzoic acid (DHB) [11, 12, 16 ], 2,6-dihydroxyacetophenone (DHA) [20] , α-cyano-4-hydroxycinnamic acid [21] , 9-aminoacridine [22] , and 2-mercaptobenzothiazole [23] have all been used successfully to track lipid species in tissue. Although not as widely used as solid matrices, particle (metal) matrices, in particular nanoparticles (NPs), have also been used to image lipids in tissue. Gold nanoparticles (AuNPs) [24] , colloidal graphite [25] , and iron nanoparticles (FeNPs) [26] were used to image cerebrosides in brain tissue in positive ion mode, a class of neutral sphingolipids that are not usually observed in imaging studies of brain tissue using solid matrices due to ion suppression from phosphatidylcholine (PC) and sphingomyelin (SM) species which are preferentially ionized in positive ion mode. In negative ion mode, silver nanoparticles (AgNPs) [27] have been employed to map the distribution of fatty acids in mouse retinal sections, while AuNPs [28] have been used to image sulfatide and ganglioside species in mouse brain sections. In the particle matrix imaging studies referenced above, the matrix was applied by spraying techniques. Previously, gold clusters have been demonstrated as a successful matrix for lipid analysis in tissue, in which the gold clusters were impacted using a massive cluster ion source [18, 19] . The major drawback to this method is the area that can be coated is not feasible for coating whole tissue sections. Recently, a nanoimplanter has been developed, in which AuNPs and AgNPs are generated from a metal disk by magnetron sputtering that allows the coating of a whole coronal rat brain section. Analysis of these implanted sections produced images for cerebrosides, sulfatides, and phosphatidylethanolamines (PEs) [29] .
Although not as widely studied by MSI as brain lipids, work has been conducted on heart lipids. In earlier studies, direct tissue profiling of rat heart tissue sections by MALDI with a DHA matrix detected several phospholipid classes in positive ion mode (PCs, PEs, and SMs), while in negative ion mode PEs, phosphatidylglycerols (PGs), phosphatidylinositols (PIs), and cardiolipins (CLs) species were detected [5, 30] . Recently, MSI of heart tissue has been conducted using DHB that was sublimated [31] or spray coated [32] . In one of the studies, lipid biomarkers (PC, LPC, LPE) were identified for myocardial infarction [32] . In the current study, AgNPs were implanted into rat heart tissue sections. Analysis was conducted in both positive and negative ion mode. Several major lipid classes were imaged including PEs, PCs, SMs, CLs, PGs, triglycerides (TAGs), and PIs. The results of these experiments are presented below.
Material and methods

Materials
Acetone (HPLC grade), chloroform (HPLC, ≥99.9 %), diethyl ether (≥99.9 %), 2,5 dihydroxybenzoic acid (DHB, ≥98 %), diisopropylether (ACS reagent, ≥99 %), hexane (HPLC grade), and methanol (Optima LC/MS) were purchased from Sigma-Aldrich (St. Louis, MO). Isopentane (2-methylbutane) and acetic acid (Glacial, ACS reagent) were acquired from J.T. Baker (Phillipsburg, NJ).
Tissue preparation
All the animal work in this study abides by the Guide for the Care and Use of Laboratory Animals (NIH). Adult male SpragueDawley rat hearts were perfused with physiological water, removed, and frozen in dry ice chilled isopentane. The heart was attached to the cryostat specimen disk using ice slush made from distilled water as has been previously reported [33] . Frozen heart tissue was cut into thin sections (18 μm in thickness) using a cryostat (Leica Microsystems CM3050S, Bannockburn, IL) at −18°C (cryochamber temperature) and −16°C (specimen cooling temperature). Heart tissue sections were directly deposited on glass microscope slides (Fisher Scientific, SuperFrost Plus #12-550-15, Pittsburgh, PA) for MALDI imaging or were collected in a glass vial for lipid extraction. Heart sections were brought to room temperature, and a digital light microscope picture was taken before AgNP implantation.
Lipid extraction
Total lipids were extracted from heart tissue sections (∼12 mg) using a modified Folch extraction method [34] . Twenty microliters of a chloroform (CHL)/methanol (MeOH) (2:1 v/v) mixture was added for each 1 mg tissue. For samples that were to undergo further separation using SPE columns, the internal standard PC 14:0/14:0 (Avanti Polar Lipids, Alabaster, AL) was added at 5 μg per 1 mg of tissue. The tissue was homogenized, sonicated for 10 min, and vortexed for 30 min. Next, distilled water was added at 4 μL for each 1 mg tissue. Then, the mixture was vortexed for 1 min and centrifuged 10 min at 3,000 rpm. The lower phase (organic), containing the total lipids except for gangliosides, was dried under nitrogen and resuspended in either 195 μL MeOH+5 μL CHL (if MS analysis is to be conducted on total lipid extract) or a CHL volume equal to the amount of CHL/MeOH used for extraction (if additional separation by SPE columns is desired).
Lipids species in the lower phase were fractionated using LC-NH 2 SPE tubes in a method similar to Bodennec et al. [35] . In this procedure, 1 mL LC-NH 2 SPE tubes (SuperClean, Sigma, St. Louis, MO) were conditioned with 2 mL of hexane. Next, 200 μL of the lower phase in chloroform was loaded on the SPE column, followed by 2 mL of diethyl ether to collect diglycerides, TAGs, and cholesterol. Next, 1.6 mL of CHL/ MeOH (23:1 v /v ) was added to the SPE tubes to remove the ceramides, followed by 1.8 mL of diisopropyl/acetic acid (98:4 v/v) to remove free fatty acids, and 2 mL of acetone/ MeOH (9/1.2 v /v ) to remove neutral glycolipids. Finally, 2 mL of CHL/MeOH (2:1 v/v) was added to collect PC, PE, and SM species. The collected fractions containing TAGs and PCs, PEs, and SMs were dried under nitrogen and resuspended in 5 μL chloroform and 200 μL methanol. The fractions were stored at −80°C until mass analysis.
MALDI sample preparation for tissue extractions and lipid standards DHB matrix was prepared at a concentration of 30 mg/mL in 50 % MeOH. The total lipid extract, TAG fraction, and PC+ PE+SM fraction from heart were diluted 1:4 (v/v) in 50 % MeOH. For DHB matrix, 0.5 μL of the extracts were spotted on the sample target followed by 0.5 μL of matrix. For AgNps, 0.5 μL of the extracts was spotted on a glass microscope slide and then AgNPs were implanted onto the glass slide as described below for tissue. PC 16:0a/18:1 and PE 16:0a/18:1 (Avanti Polar Lipids) were prepared as stock solutions at 10 nmol/μL in CHL/MeOH (2:1 v/v); 0.5 μL of each PC and PE species was spotted directly onto heart tissue sections as individual spots and as a mixed spots.
NP formation and implantation
Heart tissue was implanted with an NPlanter (Ionwerks, Houston, TX). Silver targets were 2 in. diameter × 0.125 in. thick disk of 99.99 % pure silver and were purchased from Kurt J. Lesker Company (Clairton, PA).
The AgNPs − are formed by magnetron sputtering and
growth within a refinement zone (particles are 0.5-15 nm in diameter). The AgNPs − emerging from the magnetron are size selected with a quadrupole mass filter yielding an approximately Gaussian diameter distribution centered at 6 nm (2.5 nm FWHM). The size selected particle beam was then accelerated to 500 eV and electronically rastered to ensure uniform deposition across and within the tissue. An equivalent of two to four monolayers was implanted. The deposition took 18 min for each tissue section.
Mass spectrometer A MALDI LTQ-XL-Orbitrap (Thermo Fisher, San Jose, CA) was used for mass analysis. Thermo's Imagequest and Xcaliber softwares were used for MALDI-MSI data acquisition. The images were acquired in both negative and positive ion mode. The positive ion range was 600-1,100 Da, with three laser shots per pixel at a laser fluence of 14 μJ. The negative ion mode was range was 600-1,700 Da, with three laser shots per pixel at laser fluence of 16 μJ for silver. The target plate stepping distance was set to 50 μm for both the xand y-axes by the MSI image acquisition software. The mass resolution was set to 30,000 for negative ion mode and at 60,000 for positive mode. Mass error was under 3 ppm in positive ion mode and under 5 ppm in negative ion mode. A custom-built IDL-based software developed by Ionwerks, Inc. was employed to extract peaks list from regions of interest in tissue. MS n analysis was conducted in both positive and negative ion mode with CID collision energies between 25 and 40 V in the ion trap.
Lipid assignment
Assignment of lipid species in heart tissue was based upon monoisotopic molecular masses with mass errors less than 3 ppm in positive ion mode and less than 5 ppm in negative ion mode. Mass peak were labeled as follows: PI, PG, CL, and TAG species number equal the total length and number of double bonds of fatty acid chains, while SM species number corresponds to the length and number of double bonds of the acyl chain attached to the sphingosine base. PC and PE species equal the total length and number of both radyl chains with a representing diacyl species and p representing plasmalogen species. Additionally, MS n analysis was conducted to further confirm lipid assignments and is included in the supplemental data for this paper.
Results and discussion
Comparison of AgNPs and DHB matrix for heart lipid extracts Initial studies were conducted using lipid extracts from rat heart tissue sections. Figure 1 illustrates mass spectra acquired in positive ion mode for total lipid extracts from rat heart with (a) DHB and (b) AgNPs matrices. As is observed in the figure, the two matrices produced widely different lipid profiles. In  Fig. 1a , the mass spectrum is dominated by protonated PC species, PC 38a:4 (810.600 Da), PC 36a:4 (782.569 Da), PC 34a:2 (758.569 Da), and PC 32a:0 (734.569 Da), while only minor peaks are associated with TAG species (TAG 52:3+Na, 879.742 Da), even though TAGs are a major class of heart lipids. These PC species have been observed directly from heart tissue using MALDI-MS with a DHA matrix in a previous study [5] . Furthermore, the suppression of TAGs in the presence of abundant PCs has been observed in previous MALDI studies with solid matrices [36, 37] . In these studies, TAGs were successfully detected either by separating them from PCs or by altering the matrix protocol. In contrast, when AgNPs (Fig. 1b) are used as a matrix, the mass spectrum of total heart lipid extract is dominated by TAG species' mass peaks. Three major series of peaks were observed for TAG species. Intact TAG species were observed as sodium adducts (TAG 52:3+Na, 879.742 Da; TAG 50:2+Na, 853.726 Da) and silver adducts (TAG 52:3+Ag, 963.657 Da). The major peaks associated with TAGs in Fig. 1b were fragment peaks produced by the loss of one of the three fatty acids in a TAG specie (TAG Frag 34:2+Ag, 681.401 Da; TAG Frag 36:3+ Ag, 707.416 Da). These fragment peaks from TAGs in MALDI analysis have been widely observed in past studies [38, 39] . Silver adducts produce a unique isotope pattern that aid in their assignment. Silver have two natural isotopes: 106.90454 Da (51.839 %) and 108.90421 Da (48.161 %). The difference between a double bond (+2.01565 Da) and two isotopes of silver (+1.99966 Da) is only 0.01599 Da. The resolution necessary to separate these two ions is approximately 50,000 for an m/z of 800, thus requiring an instrument with sufficient resolving power. Due to this, all spectra in positive ion mode were acquired with a mass resolution of 60,000. The inset in Fig. 1b PC species were also detected as minor fragment peaks (PC 38a:4-phosphocholine head group(HG)+Ag, 733.433 Da). These PC fragment peaks were observed in greater abundance from tissue with AgNps (as will be shown below) than from tissue extracts spotted on glass microscope slides. This result could be due to more intense fragmentation (resulting into the total fragmentation of the PC specie into phosphocholine and its two fatty acid chains) of PC species on glass slides versus the softer surface of the tissue or it could be that the tissue acts as a "heat sink" for the laser energy. Additionally, the mass peaks assigned as PC fragments could also be produced by TAG species that fragment. In order to confirm our assignments for PC species, further analysis of lipid fractions was conducted in which different classes of lipids were separated. Figure 1c shows a mass spectrum of the fraction containing mainly TAGs and is in complete agreement with the assigned TAG species labeled in Fig 1b. Figure 1d illustrates a mass spectrum of the fraction containing only PCs, SMs, and PEs, and it agrees with our assignment for PCs species losing their phosphocholine head group and forming a silver adduct. To further confirm our assignment, this fraction included an internal standard (PC 14:0/14:0) detected by the mass peak [M-HG+Ag] + at 601.338 Da. The base peak in Fig. 1d at m/z 749.086 is an AgNPs matrix ion. Based upon the results in Fig. 1, it is clear that the use of AgNPs offer advantages for the analysis of TAGs compared to the typical MALDI organic matrix. Previous studies of heart tissue by direct tissue profiling [5, 30] and MSI [31, 32] using organic matrices did not track the TAG species in heart. Due to this, AgNPs were chosen as the matrix for MSI studies for heart tissue in both positive and negative ion mode in the sections below.
MALDI-MSI of heart tissue with AgNPs in positive ion mode
Next, experiments were conducted, in which AgNPs were implanted directly onto tissue and analyzed in positive ion mode. Figure 2a shows a light microscope picture of the heart tissue section before AgNPs were implanted, and Fig. 2b illustrates the image for the total ion count recorded in this sample run. Mass spectra from two distinct regions of interests are shown in Fig. 2c (blue circle) , an area in the major blood vessels regions of the heart, and Fig. 2d (red circle) , an area representing the myocardium. The mass spectrum in the vessels region of the heart is dominated by TAG mass peaks, such as 681. 402 :3+Ag) . The only difference observed for direct tissue analysis versus the total lipid extract for TAG species is the Ag adducts were more abundant than Na adducts, while the reverse was observed for analysis of the extracts on glass microscope slides. The mass spectrum in myocardium region of the heart contained higher abundance of PC and PE species such as 733.432 Da (PC 38a:4-HG+Ag) and 844.468 (PE 38a4-H+2 K). Interestingly, PE species formed mostly doubly potassiated adducts with only very . We did not detect any doubly sodiated adducts of PEs. A complete list (Table S1 , Electronic supplementary material) of all 29 lipid species (10 PCs (8 diacyl and 2 plasmalogen species), 5 PEs, 5 SMs, 9 TAGs) imaged in positive ion mode and the abundance of each lipid specie for both regions in Fig. 2b is supplied in the supplemental data for this paper. Additionally, MS n structural data for several lipid species in Table S1 are illustrated in supplemental Figs. S1-S13. Figure 3 contains several MALDI images generated from the MSI run for the heart section in Fig. 2 in positive ion mode with AgNPs. The most abundant PC detected in the heart, PC 38a:4-HG+Ag (733.432 Da), was widely distributed throughout the myocardium (Fig. 3a) , while TAG 50:2 is highly localized in the vessel region of the heart tissue section as seen for both the Na adduct (Fig. 3b) and the Ag adduct (Fig. 3c) .Additionally, the same localized distribution is observed for the TAG fragment peak at 683.41 Da (Fig 3e) , and when it is overlaid on the ion image for (PC 40a:6-HG+Ag, 757.432 Da, Fig. 3d ) two clear distinct regions (PC-rich area and TAG-rich area) are observed in the heart tissue section (Fig. 3f) . Although not as abundant as the mass peaks for PCs and TAGs, SM d18:1/18:0-HG+Ag (654.437 Da, Fig. 3g ) and PE 40a:6-H+2 K (868.466 Da, Fig. 3h) were also imaged and when combined as a combo image (Fig. 3i) show the SM species concentration in the outer edges of the heart section while the PE species is more abundant in the center. Two minor PC species at 729.401 Da (Fig. 3j) and 717.438 Da (Fig. 3k) showed very similar distribution as the more abundant PC 38a:4 specie.
MALDI-MSI of heart tissue with AgNPs in negative ion mode
In order to detect more heart lipid classes, MSI experiments were conducted in negative ion mode. Figure 4 shows a picture of the heart tissue section (Fig. 4a ) before AgNPs were implanted and the image of the total ion count recorded in negative ion mode. Mass spectra from two distinct regions of interests are shown in Fig. 4c (blue circle) , the major blood vessels region, and Fig. 4d (red circle) , the myocardium. The spectrum in the vessels' region is dominated by the peak at 885.553 (PI38a:4-H), while the spectrum of the myocardium area has several additional major lipid peaks at 742.542 Da (PE 36a:2-H), 766.542 Da (PE 38a:4-H), and 1469.953 Da (CL 72:8+Na-2H). A previous study of heart tissue by direct tissue analysis with MALDI also identified CL 72:8 or (18:2) 4 as the dominant CL specie in heart [30] . One note of caution for some PE assignments is that a corresponding PC fragment yields the same theoretical mass and chemical formula. For example, the mass peak assigned as PE 38a:4-H at 766.542 Da could also be assigned as PC 34a:2-CH 2 -H. In order to investigate the ionization efficiency of PE and PC species in negative ion mode with AgNPs, additional experiments were conducted. Five nanomoles of PE 16:0a/18:1 and PC 16:0a/ 18:1 standards was deposited onto a heart tissue section in individual spots and as a mixed spot. AgNPs were then implanted on the tissue section, and an MSI run was conducted in negative ion mode. Figure 5a shows the TIC image for the sample run, and three spots are clearly visible from this image. The spots are labeled PE, PC, and PEPC according to which lipid standards were spotted and mass spectra generated Figure 5b shows the mass spectrum for PE 16:0a/18:1 spot, and only one major mass peak is observed at 716.522 Da (PE16:0a/18:1-H). In Fig. 5c ) are very minor peaks and represent less than 2 % of the PE base peak despite being equimolar. These results show that PE species are easier to ionize with AgNPs in negative ion mode when compared to PC species. For this reason, even in cases of isobaric overlap between PC and PE species, the majority of the signal in the peak most likely comes from the PE specie. A complete list (Table S2 , Electronic supplementary material) of all 24 lipid species (16 PEs (12 diacyl and 4 plasmalogen species), 4 PIs, 1 PG, 1 CL, 2 SMs) imaged in negative ion mode and the abundance of each lipid specie for both regions in Fig. 4b is supplied in the supplemental information for this paper. Furthermore, MS n structural data for several lipid species in Table S2 are illustrated in supplemental Figs. S14-S22. Figure 6 illustrates several MALDI images for the MSI run of the heart section in Fig. 4 in negative ion mode with AgNPs. Figure 6a -c shows the distribution of three major PE species (PE 38a:4, PE 40a:6, PE 36a:2) in the heart. PE 38a:4 is widely distributed throughout the heart tissue section while PE 40a:6 and PE 36a:2 are more localized. Both the diacyl and plasmalogen of PE 36a:4 were mapped and show distinct distribution in heart tissue ( Fig. 6d-f) . MALDI images of PI species (PI 38a:4, PI 36a:2), PG 34a:1, and both the Na and K adducts of CL 72:8 are also displayed in Fig. 6g -l.
Conclusion
In this study, AgNPs matrix was used to locate and analyze a wide variety of heart lipids. The method of matrix deposition by implantation produced high spatial resolution MALDI images in both positive and negative ion modes. In positive ion mode, AgNPs show high selectivity in the ionization of TAG species, a class of neutral glycerolipids that are not easily detected in the presence of more positively charged PC species when using organic matrices. In addition, images of PEs (PE-H+2 K) and of fragment peaks of PCs, in which the phosphocholine head group was cleaved, were obtained. In negative ion mode, PE, PI, PG, and CL species were detected and imaged as deprotonated mass peaks. Future studies will be conducted using different types of metal disks to probe the effect of the metal used upon the ionization of different classes of lipids.
